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For the full text of this licence, please go to: http://creativecommons.org/licenses/by-nc-nd/2.5/ I. INTRODUCTION N ONTHERMAL gas discharges generated at atmospheric pressure have been the subject of active research largely because of their widespread use for ozone production [1] , pollution control [2] , and surface modification [3] . Typically, such atmospheric plasma consists of many nanosecond-scale microdischarges of streamer-like filaments [4] and there is a large body of work in literature on their fundamental properties and their applications [1] [2] [3] [4] [5] [6] [7] . Recently, it has been suggested that nonthermal atmospheric gas discharges can also be diffuse and luminous with the duration of their discharge current pulses in excess of submilliseconds [8] [9] [10] [11] [12] . Compared to their counterparts in the streamer-dominated mode, these diffuse nonthermal atmospheric plasmas have greater spatial uniformity, better temporal stability, and much lower gas temperature typically in the 75 C-150 C range [13] . These properties Manuscript received May 28, 2002 make them particularly attractive for a number of key materials processing applications such as etching, deposition, and structural modification of polymeric surfaces [8] [9] [10] [11] [12] [13] . Diffuse nonthermal atmospheric plasmas have been generated with dielectrically insulated electrodes at audio frequencies [10] , with uninsulated electrodes at radio frequencies [13] , and at microwave frequencies [9] . Apart from their desirable spatial and temporal characteristics, diffuse nonthermal atmospheric plasmas have different electrical and chemical properties from that of their streamer-dominated counterparts. While many of their fundamental properties remain to be fully understood [8] , [13] , the focus of the field has been largely experimental improvement of existing applications and empirical exploration of new applications [8] [9] [10] [11] [12] [13] . For controlled and optimized performance of material processing, it is always desirable to be able to adjust and tailor plasma properties. In the case of diffuse nonthermal atmospheric plasmas, this has been pursued mainly through plasma rig designs and gas composition, and to a lesser extent through an appropriate choice of the excitation frequency [14] . In this paper, we consider pulsing plasma excitation voltage as a way to control and improve properties of diffuse nonthermal atmospheric plasmas. For streamer-dominated atmospheric gas discharges, pulsed-plasma generation has been known to facilitate better energy efficiency and greater control of the glow-to-arc transition [1] , [2] . If similar improvements can be achieved for diffuse nonthermal atmospheric plasmas, it will be useful for applications where plasma power consumption is an important issue, for example aircraft cloaking and industry-scale surface treatment.
As a first step to unravel benefits of plasma pulsing in different plasma generation configurations [9] , [10] , [13] , we will consider nonthermal atmospheric gas discharges generated in a helium-nitrogen mixture and between two dielectrically insulated parallel-plate electrodes. The emphasis of this paper is on electrical properties of diffuse nonthermal atmospheric plasmas under pulsed excitation. Specifically, this paper attempts to answer: 1) whether pulsed plasma generation can lead to saving in electrical power needed to sustain the generated plasma and 2) if so how pulse shape and width may be adjusted to enhance energy efficiency. Our study is based on a one-dimensional (1-D) computer code [15] developed using a hydrodynamic model similar to those employed in most 0093-3813/03$17.00 © 2003 IEEE  TABLE I  REACTIONS CONSIDERED FOR AN He-N DISCHARGE AND THEIR RATE COEFFICIENTS numerical studies for diffuse nonthermal atmospheric plasmas [10] , [16] . In Section II, we will review key features of our physical model of diffuse nonthermal atmospheric plasmas as well as its numerical implementation. Voltage-current (V-I) characteristics of nonthermal atmospheric plasma under sinusoidal excitation will be discussed through numerical examples. In Section III, two different waveforms of pulsed excitation voltage will be considered and the V-I characteristics of the generated atmospheric plasmas simulated to compare their power efficiency with that under sinusoidal excitation. Furthermore densities of electrons, ions, and metastables will be computed and compared with that obtained for the sinusoidal case. Also studied are effects of pulse duration, again through V-I characteristic, plasma power density, and densities of electrons, ions, and metastables. Finally, in Section IV, findings from our numerical study will be summarized.
II. PHYSICAL MODEL OF NONTHERMAL ATMOSPHERIC PLASMAS
Diffuse nonthermal atmospheric plasmas considered here are induced and sustained between two parallel-plate electrodes, each coated with a dielectric layer and connected externally to a kilovolt sinusoidal voltage source at audio frequencies. The background gas is atmospheric helium mixed with a small fraction of nitrogen (up to 1%) at room temperature of 293 K, and the dynamics of the generated nonthermal atmospheric plasma is described by the Boltzmann equations. The nitrogen fraction reflects the amount of impurities often found in industrial grade pure helium gases, and much larger nitrogen content, for example greater than 5%, was found numerically to lower the glow-arc transition criterion as a result of enhanced Penning ionization. For diffuse nonthermal atmospheric plasmas, it has been established that the hydrodynamic assumptions are applicable [10] , [16] . This reduces the Boltzmann equations to the continuity and momentum transfer equations for electrons and ions, thus facilitating a macroscopic description of plasma dynamics without its microscopic details [10] , [15] . On the other hand, the dynamics of electrons and ions are determined by the electric field in the space between the two parallel electrodes, which has two components, one induced by the externally applied excitation voltage and the other by space charges. The electric field can be calculated by solving Poisson's equation. In [10] and with the source term technique (+) [20] together with reduced ionization coefficient of nitrogen using the source term technique (solid line) [20] .
where and are the ion and electron densities, respectively, and is the density of the th neutral species considered. and are the source terms for charged particles and neutral species, respectively. and are diffusion coefficient and drift velocity with subscripts , and denoting, respectively, electrons, ions, and th neutral species considered in the physical model. With the hydrodynamic assumptions, reaction rate coefficients, ionization coefficients, drift velocity, and diffusion coefficients can be approximated as a function of the electric field in the ionized gas between the two electrodes. Thus, our physical model is similar to those used in [10] , [16] . The values of these coefficients are obtained from relevant experiments and several rate compilation studies which will be discussed in greater details below. These allow (1a) and (1b) to be solved to yield densities of electrons, ionic species, and metastables, which then allows through (1c) calculation of electric field. Boundary conditions between the ionized gas and the dielectrically coated electrodes need to be carefully treated. To this end, a circuit equation is included to relate the electric field in the gas to the source voltage (the output voltage of the power supply) via a source resistor, , and two serial capacitors each representing one dielectric coating layer. Numerical algorithm used to solve the above equations is essentially based on the Pantankar scheme, and our discretization employs the upwind scheme [17] .
Our model considers reactions participated by eight different species, namely, 1) two ground-state neutral species-He( S) and N ( S); 2) two helium metastables-He( S) and He( S); 3) electrons; 4) ground-state atomic helium ions, He ; 5) ground-state molecular helium ions, He S ; 6) ground state molecular nitrogen ions, N .
In total, our model considers 17 reactions, as detailed in Table I , together with their reaction rates and reference sources. Products of these 17 reactions include three additional species-excited molecular helium (He ), atomic nitrogen (N), and molecular nitrogen ions (N ). Any subsequent reaction of these three additional species with the original eight species is not considered in the model. It is worth noting that our model is capable of evaluating production of molecular nitrogen ions that are not considered in reported numerical studies of diffuse nonthermal atmospheric discharges [10] , [16] .
Ionization coefficient in helium can be evaluated using Ward's formula [18] or experimental data compiled in [19] . Both agree well with those used in [10] , particularly at large reduced electric field ( 50 Td). Our model uses Ward's formula. On the other hand, it is known from spectroscopic measurements that discharge dynamics in atmospheric helium is very strongly affected by the presence of impuries, particularly nitrogen [10] . For diffuse nonthermal atmospheric helium discharges, the presence of nitrogen impuries has been either ignored [16] or implemented with its ionization coefficient approximated by that of argon [10] . Since argon has a greater ionization coefficient than nitrogen [18] , [19] , the approximation of using argon ionization coefficient overestimates the ionization of nitrogen impurities. To this end, we note that it is possible to formulate analytically ionization source terms for discharges in argon, helium, and nitrogen [20] . Thus, under the same conditions ionization source term for species A ionization source term for species B (2) where is Townsend's first ionization coefficient with its subscript and indicating, respectively, species and . If species is argon and species is helium, the formula can be used to predict the ionization coefficient of argon from that of helium as calculated from Ward's formula [18] . As shown in Fig. 1 , the argon ionization coefficient calculated with this technique leads to an excellent agreement with that computed using a Boltzmann solver [10] . Therefore, (2) offers a simple yet reliable way to estimate the ionization coefficient of one gas from the known ionization coefficient of a reference gas. Similarly, if we assume species is nitrogen and is helium, the ionization coefficient of nitrogen is obtained and this is shown in Fig. 1 as a function of the reduced electric field. Ionization coefficient thus calculated is used in our model for nitrogen (reaction #2 in Table I ). For excitation coefficients, we use that employed in [21] . Similarly, our model employs the same data used in [21] for diffusion coefficients and drift velocity.
For numerical examples presented here, the two electrodes have a common radius of 2 cm and are separated with a gap fixed at 0.5 cm. The total capacitance of the dielectric coatings on the two parallel-plate electrodes is 70 pF, and the source resistor in the external circuit is 50 . As the reference case, we consider a sinusoidal source voltage at 10 kHz with a peak voltage of 1.5 kV. Before the power supply is switched onto the plasma rig, the two electrodes are charged at 950 V and so the initial gas voltage is 950 V. The background gas is 99.5% helium with 0.5% nitrogen unless otherwise stated, and its breakdown voltage is assumed to be 1.1 kV, similar to the choice in [10] . The secondary electron emission coefficient is dependent on the surface condition of electrodes and, as such, it is not possible to choose a reliable coefficient that is applicable to most cases. Numerically different secondary emission coefficients in the 0.01-0.2 range affect the peak value of the discharge current. For numerical studies considered here, we choose 0.2 for atomic helium ions, 0.1 for molecular helium ions, and 0.01 for nitrogen ions [29] . Our numerical model assumes that diffuse nonthermal atmospheric plasma is established if its voltage and current are continuous and repetitive over at least 10 cycles of the applied voltage signal. Noting that discharge currents of both thermal plasmas and streamer-dominated nonthermal atmospheric plasmas tend to exhibit microscopic current pulses in tens of nanoseconds or less, pulse duration of the discharge current is an additional indicator for diffuse atmospheric plasmas. Fig. 2 shows a plot of the applied voltage, gas voltage, and discharge current as a function of time. Though not shown in Fig. 2 , numerical results confirm that the discharge current is, in fact, identical through many tens of cycles of the applied voltage and so the discharge plasma is stable and repetitive temporally over a long period of time. The V-I characteristics are very similar to that obtained in a comparable experiment and its numerical simulation [10] , with a typical pattern of one discharge every half cycle of the applied voltage. Both gas voltage and discharge current exhibit very similar waveforms as those observed in [10] , [16] . The peak discharge current in Fig. 2 is between 52-58 mA, lower than 90 mA calculated in [10] . As shown in Fig. 1 , this may be partly due to the use of the larger ionization coefficient of argon in [10] to approximate the nitrogen ionization coefficient. It is interesting to note that the peak current density of 7.2 mA/cm ( mA/ ) is the highest reported for diffuse atmospheric helium discharges generated between dielectrically coated electrodes and at kilohertz frequencies. In a series of very similar experiments performed at the University of Tennessee, the peak current density is found at most 1 mA/cm [30] . A similar peak current density of about 0.4 mA/cm ( mA/ ) was measured with 3-kHz plasma excitation by the Okazaki Group, Sophia University, Japan [31] , whereas another Japanese group measured 1.8 mA/cm with a 100-kHz power supply. More recently, a helium discharge experiment performed at the University of Minnesota recorded a peak current density measured at 0.5 mA/cm with 15-kHz driving voltage [32] . Our computed current density of 4.4 mA/cm ( mA/ ) falls between these experimental measurements, indicating a good current prediction capability of our model.
Electric power consumption in the plasma is found to be 298 mW/cm from our model. This is almost identical to 300 mW/cm measured in [10] and similar to 277 mW/cm measured in [33] . We have also calculated electron density and ion density across the space between the two electrodes. Fig. 3 shows the time and spatial variation of electron density, similar to that computed in [10] . The rapid rise of electron density near 250 s is a result of the gas ionization (or discharge) in that half cycle (250-300 s), and the relatively uncharged electron density peak during the remaining period of the half cycle suggests a phase of inactive electron production. The instantaneous maximum electron density predicted with our model is 0.95 10 cm , not dissimilar to the instantaneous maximum of 2 10 cm in [16] , but much lower than the instantaneous maximum of 30 10 cm calculated in [10] . Again, the large electron density reported in [10] may be a result of their overestimated ionization coefficient for nitrogen (see Fig. 1 ). For diffuse atmospheric helium plasmas, there is very little data of direct measurement of electron density for comparison with our calculated electron density. However indirectly, the ion-trapping mechanism proposed by Roth may be used to estimate the average electron density and this can be captured by the following [30] :
where is the average electron density, is the electron mass, is the electron charge, is the electron collision frequency in helium, is the average electric power density consumed in the plasma, and is the peak electric field in the plasma. Assuming mW/cm , kV/cm, and Hz [30] , (3) yields 4.3 10 cm . Given that the peak electron density is approximately 10-50 times greater than the average electron density as indicated in Fig. 3 , the above calculation suggests that the peak electron density is between are at x = 0 and x = 0:5 cm, respectively, from t = 250 to t = 300 s. 4 10 cm and 2 10 cm . Thus, our calculated peak electron density appears reasonable. This is also confirmed by electron density estimate using the current density formula of ( is the electron mobility), as employed for measuring electron density in microhollow cathode discharges [34] . In general, our simulated V-I characteristics, the peak discharge current density, the plasma power density, and the electron density yield a favorable comparison with available experimental and numerical data of comparable diffuse atmospheric helium discharges. While there is much scope to include other features of diffuse atmospheric plasmas, for example multidimensional effects, our plasma model is capable of capturing the main plasma features accurately and as such it will be used to explore the benefits of plasma pulsing.
III. EFFECTS OF PLASMA PULSING
The potential benefit of energy saving is best understood from the V-I characteristic in Fig. 2 . It is seen that the discharge current is of very low magnitude after its peak between 207-245 s in the half-cycle from 200 to 250 s, when the applied voltage is very large. This suggests that between the instant of this discharge current pulse and the polarity reversal point of the applied voltage in the same half cycle, the applied voltage does not necessarily contribute to plasma generation (see Fig. 2 ), but may adversely heat up electrons. Through energy transfer from electrons to heavy particles, this undesirable electron heating would increase gas temperature. Therefore, by reducing the excitation voltage over this "inactive" period of electron production, the gas temperature may be lowered and, equally importantly, the input power can be reduced. We first consider a simple pulsed excitation voltage waveform, shown in Fig. 4(a) , which is essentially derived from a sinusoidal wave with its peak (positive and negative) levelled to a flat top. The voltage waveform of Fig. 4(a) can be easily obtained electronically, and so it represents a realistic option. The magnitude of the original sinusoidal voltage is fixed at 1.5 kV, whereas that of the peak-leveled voltage varies from 0.4 to 1.5 kV. The repetition frequency of the excitation voltage remains at 10 kHz. Fig. 4(b) shows the voltage and current characteristics of a diffuse nonthermal atmospheric gas discharge generated with kV. The discharge current remains repetitive and stable through many tens of cycles of the applied voltage. Therefore, under the conditions considered here, pulsing the plasma-generating voltage does not appear to significantly affect the establishment of diffuse nonthermal atmospheric plasma. More specifically, the waveform of the discharge current remains relatively unchanged from that under the sinusoidal excitation, and the peak current is again around 55 mA very similar to the sinusoidal case of Fig. 2 .
The basic V-I characteristics remain relatively unchanged until decreases below 750 V when the generated plasma becomes unsustainable and eventually extinguishes. This is illustrated in Fig. 5 , where the normalized electron density and the normalized plasma power density are plotted against the normalized magnitude of the applied voltage, . It is evident that when 0.5 plasma pulsing does not significantly affect electron density while the plasma power is reduced by up to 40%. Further numerical simulations suggest that ion densities are also largely unaffected as long as 0.5. Given that electron and ion densities remain approximately the same and that the discharge current and the gas voltage undergo relatively small changes, the basic plasma characteristics should remain relatively unchanged. In other words, voltage pulsing in Fig. 4 is unlikely to affect adversely plasma-activated applications that rely on the production of electrons or/and ions, yet capable of considerable power saving.
It is found that the amount of power saving is dependent on that of nitrogen impuries. In the case of very little nitrogen impurities 0.01% , numerical studies suggest a power saving of more than 50%, as indicated in Fig. 6 . Again, such significant power saving is achieved without affecting the production of electrons and ions. It is also found that the power saving is not at the expense of the production of excited neutral species either. With 0.5% nitrogen, Fig. 7 shows the normalized density of He( S) as a function of the ratio. It is evident that the trend of the metastable density effectively tracks that of the electron density. So if the plasma power is reduced with the electron density kept approximately the same as that with sinusoidal excitation (without pulsing), the metastable density will also remain at approximately the same level as its value with sinusoidal excitation.
The density tracking between electrons and metastables suggests a key role played by electrons in influencing production of excited neutral species in diffuse atmospheric gas discharges. It is known that energy required to excite neutral species and create chemically reactive species is usually provided through the kinetic energy of electrons. There are also reactive species whose densities are directly proportional to electron density. For example, densities of most oxygen species (e.g., atomic oxygen, singlet-sigma metastable oxygen, singlet-delta metastable oxygen) in a diffuse nonthermal atmospheric discharge in an oxygen-helium mixture are found to proportional to where -and is the input RF power to the generated plasma [35] . According to (3), these oxygen densities are also proportional to electron density. Therefore, the similar electron densities in the sinusoidal case of Fig. 2 and the pulsed case of Fig. 4 may be a good basis to consider that the densities of most reactive species in the two cases would be similar and so would their chemical reactivity. Thus, it is possible to produce at least some reactive species electrically efficiently with voltage pulsing, and as such this will also be useful for applications that reply on reactive species. It is important to note, however, that in general there is no direct correlation between electron density and densities of all reactive species. There are reactive species whose densities may be inversely proportional to electron density, for example ozone in the oxygen-helium plasma mentioned previously [35] . So, for individual diffuse nonthermal atmospheric plasmas, the suggested maintenance of production of reactive species deduced from that of electron production needs to be assessed carefully. Our observation is that it is possible for diffuse nonthermal atmospheric plasmas to maintain densities of some reactive species with reduced electric power. As an additional indication of the similarity between the sinusoidal case and the pulsed case of Fig. 4 , temporal and spatial variation of electron density is plotted in Fig. 8 . This is similar to that in Fig. 3 .
The "tail-off" phase of the applied voltage in Fig. 9 (a) (between 25-50 s) may be trimmed to further enhance energy efficiency for plasma generation. One way to trim the applied voltage is shown in Fig. 9(a) ; the V-I characteristics of its induced atmospheric plasma are shown in Fig. 9(b) . It is evident that moderate voltage trimming does not significantly affect the generation and characteristics of induced nonthermal atmospheric plasmas, though the discharge current has different peak values in different half cycles. Numerical studies suggest that further power saving is possible but very modest, typically a few percent and at best 10% before electron density starts to decrease.
We have so far established that generation of diffuse nonthermal atmospheric plasmas can be made more efficient by altering the waveform of the applied voltage without affecting the basic plasma characteristics. Now, we consider how pulsewidth may affect plasma generation. As an example, we consider one particular type of pulsed voltage signals constructed from a sinusoidal signal for the voltage rise phase and a Gaussian decay is the peak voltage of the sinusoidal signal, is the peak voltage of the Gaussian decay signal, is the pulsewidth of the Gaussian signal, is the angular frequency of the applied voltage with being its period, and the instant at which the sinusoidal and the Gaussian signals joint. and are defined as follows: (5) To compare to the sinusoidal case of Fig. 2 , we set kV, kV, and . The waveform of the applied voltage is shown in Fig. 10(a) , and the voltage and current signals of the generated atmospheric plasma is shown in Fig. 10(b) . It is evident that the pattern of one discharge every half cycle remains and this is repetitive for many tens of cycles. On the other hand, the gas voltage is markedly different from that in the sinusoidal case of Fig. 2 . Particularly, it has a large hump preceding the main peak that causes the discharge event in each half cycle. Also, after the discharge event where the discharge current peaks, the gas discharge does not reduce to zero as rapidly as in the sinusoidal case.
The discharge current in Fig. 10(b) is between 30-45 mA, markedly lower than 55 mA calculated for the sinusoidal case. Interestingly, the pulsewidth of the discharge current is much larger than that in the sinusoidal case (Fig. 2) , particularly for the positive half cycles. For the case in Fig. 10 , electric power density consumed in the plasma is about 0.32 W/cm , about 7% above that in the sinusoidal case. Further numerical examples studied suggest that under other pulsing conditions diffuse atmospheric helium plasmas excited with the pulsed voltage of Fig. 10(a) consume approximately the same amount of electric power as those with sinusoidal excitation. Therefore, shortening the pulsewidth is not able to achieve energy saving. From the V-I characteristic, this is likely due to the wider pulsewidths for both the discharge current and the gas voltage. On the other hand, electron density achievable can be much higher. For the case shown in Fig. 10(b) , the peak electron density is found to be 1.74 10 cm , 83% above 0.95 10 cm for the sinusoidal case ( Fig. 3 ). Fig. 11 shows spatial variation of electron density over one-half cycle. This shows a similar distribution to that in Figs. 3 and 8, yet with clear difference near the voltage polarity reversal point. There is a clear evidence of pulsed production of electrons. Further numerical calculations suggest that by changing the pulsewidth of the applied voltage in Fig. 10(a) , electron and metastable densities can be made much greater than that under sinusoidal excitation. Though inappropriate wave-shaping of the applied voltage can also reduce electron and metastable densities, the previous discussions suggest that through control of pulsewidth it is possible to enhance production of electrons and metastables without increasing the plasma power consumption. To see this more clearly, we calculate the ratio of electron density to plasma power density (number of electrons that can be produced at a given input power). This is 5.4 10 /W for the case in Fig. 10 and 3 .2 10 /W for the sinusoidal case of Fig. 3 , an improvement of 68%. From this comparison, it is still electrically efficient to pulse the applied voltage for the generation of diffuse nonthermal atmospheric plasmas.
IV. CONCLUSION
Pulsed plasma generation was studied for diffuse nonthermal atmospheric helium discharges using a 1-D computer code. It was found that the electric power needed to sustain nonthermal atmospheric plasmas could be significantly reduced by pulsing the plasma generating voltage. Significantly, this is achieved without affecting the densities of electrons, ions, and metastables. Plasma power can be reduced by more than 50% by Fig. 11 . Variation of electron density between the two electrodes over one-half cycle of a pulsed applied voltage with a Gaussian-shaped tail. The instantaneous anode and cathode are at x = 0 and x = 0:5 cm, respectively, from t = 350 to t = 400 s. choosing appropriate pulse shape and pulsewidth, though pulse shape appears to be much more effective. In the case of altering pulsewidth, it was shown that although little power saving can be made the production of electrons and metastables can be improved by 68%. Therefore, effects of waveform-shaping and pulsewidth reducing are different, and so can be used to cater different applications. In general, waveform-shaping should be useful for applications in which power consumption is a key issue, for example industrial-scale materials processing and aircraft cloaking. On the other hand, manipulation of pulsewidth is useful for applications that favor high-density plasmas.
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